Abstract: The aim of this work is to describe the structure of the thymus, especially its medullary part, in children with congenital heart defects. It is known that development of the thymus and the heart is also influenced by neural crest cells. During the early development of the heart and the thymus cells proliferate and migrate to their primordia. It is known that inadequate cephalic neural crest contribution during development of pharyngeal pouch derivatives results in defective organogenesis of the face, the thymus, parathyroid glands and also the heart. We studied the structure of the thymus in children with congenital heart defects from 0 to 12 years of life at light microscopic and electron-microscopic levels. Thymuses of the patients were surgically removed in the Children's Cardiocenter in Bratislava. The results of our study confirmed the differences in the medullary structures of thymuses with chosen diagnoses. Hassall's corpuscles in the thymic medulla were various in size and also in structure and number. The special structures of the thymic medullary region in children with ventricular septal defects and defects of outflow of the heart were big cystic Hassall's corpuscles. In comparison with a size of Hassall's corpuscles in normal thymuses the size of Hassall's corpuscles in studied thymuses suprisingly ranged between 100-250 µm.
Introduction
The thymus is a primary lymphoid organ providing a cohesive microenvironment for the development of progenitor cells, derivatives of bone marrow, into mature immunocompetent T-lymphocytes (Anderson & Jenkinson 2001) . It is a place of proliferation and differentiation of thymocytes, which undergo a series of individual phenology stages.
In the thymus development there participates the ecto-endodermal complex of the third pharyngeal cleft together with the third pharyngeal pouch, which are the sources for development of thymus epithelial reticulum and Hassall's corpuscles (Slípka et al. 1998) . Mesenchyme surrounding the thymic epithelial rudiments originates from neural crest (Le Douarin & Kalcheim 1999) . At the end of the second and in the beginning of the third month of the development the lymphoblasts influenced by neural crest cells migrate into the peripheral zone. During the fourth month, the process of histogenesis takes place; cortex and medulla are being differentiated and lobulization occurs. The thymus changes into the lymphoid organ.
The differentiation of T-lymphocytes is strictly connected with thymic reticulo-epithelial cells (next epithelial cells -ECs), which have the characteristics of secretory cells. The subcapsular and medullary epithelial cells have a high secretory activity. These cells produce the small peptide hormones thymulin, thymosin and thymopoietin. (ex: To the results of this activity there belong the small peptide hormones thymulin and thymosins.) They function as immunomodulators for the modification of immunodeficiency (Goldstein et al. 1974) . Thymulin induces the differentiation of Tlymphocytes, normalizes the immunological parameters during immunodeficiency and is an effective medicament that helps to modify secondary immunodeficiency.
Hassall's corpuscles (HCs) or thymic corpuscles are characteristic structures found in the thymus medulla. For the first time they were described by a British physician Arthur Hill Hassall in 1849 (Hassall 1849) . Thymic corpuscles are isolated groups of concentric organized reticulo-epithelial cells and are marked by nuclei organized next to each other tightly (Ross & Pawlina 2006) . Bloom & Fawcett (1986) stated that the average size of thymic corpuscles is between 30 and 100 µm. Their size increases during some pathological states, such as myasthenia gravis (Scherman et al. 1965) . Despite extensive research on the field of ontogenesis and thymus development, the origin and the function of Hassall's corpuscles remain still unexplained.
During thymic histogenesis Hassall's corpuscles appear at the time when lymphopoiesis is already in progress and cortex, medulla and corticomedullary junction are able to control the positive and negative selection of maturing T-lymphocytes. The thymusmarrow microenvironment creates a network from cells of various types differing in origin; all of them can parc 2011 Institute of Zoology, Slovak Academy of Sciences Thymic medullary structures in children 241 ticipate in the growth of Hassall's corpuscles (Bodey et al. 2000a) . HCs can also be composed of ECs, which usually hypertrophy before they build the outside cell layer of the thymic corpuscles. In HCs, the presence of endocrine, peptide-releasing epithelial cells was proved. Bodey et al. (2000b) summarized the results of their observations into an assertion that HCs are funcional components of thymic microenvironment that help the developing thymphocytes to reach their functional maturity in the thymus, thanks to paracrine and juxtacrine signals during intrathymic lymphopoiesis.
In the past, Hassall's corpuscles were considered to be the "cemeteries" for dead thymocytes (Blau 1965) or to be "privileged " maturing places of the medullary thymocytes (Senelar et al. 1976 ). Recent studies confirmed that HCs are active in cell signalization, transcription and metabolism and that they are influenced by cytokines and growth factor receptors (Zaitseva et al. 2002) .
Material and methods
The present study examined 105 human thymus tissue samples, which were operatively obtained from children undergoing median sternotomy and corrective cardiovascular surgery in the Children's Cardiocenter in Bratislava, Slovak Republic. Eighty-five percent of samples were taken from children younger than one year (with a consent of the relatives), 15% from children between the second and the twelfth year of life. The children suffered from various types of congenital heart diseases: atrial septal defect, ventricular septal defect, aortic coarctation, Fallot's tetralogy, hypoplastic left heart syndrome, atresia of pulmonary artery, persisting ductus arteriosus, complex atrioventricular septal defect, aortic stenosis, transposition of the great arteries and Down syndrome.
Light and electron-microscopy For examination by light microscope the tissue was fixed in 4% Baker's formol or in Bouin's solution. After dehydration and subsequent paraffin block processing the tissue was cut into 5-6 µm thick sections (rotating microtome Reichert-Jung). After paraffin removal the sections were stained using following methods: hematoxyline and eosine (Wolf 1954) , van Gieson's Method (Lillie 1948 ), Masson's trichrome method (Lillie 1948 ) and Verhoeff's staining method for both collagen and elastic components (Böck 1989) . The presence of reticulin fibers was demonstrated by the modification of Gomori's reticulin impregnation (Pavlíková in verb).
For the histochemical study the tissue was frozen and prepared for the use of the Hotchkiss PAS method to prove the presence of glycogen and polysaccharides (Pears 1960) ; to show the presence of calcium ions the Koss method was used (Lillie 1965) . The alkaline phosphatase and acid phosphatase activity was examined by the azocoupling method (Lojda & Papoušek 1978) . The presence of ATP-ase and 5'-nucleotidase was proved by Wachstein-Meisel ATP-Pb procedure (Lojda & Papoušek 1978) .
For the immunohistochemical study we used monoclonal antibodies (Dako, Denmark) against vimentin and cytokeratines AE1/AE3. The streptavidin-biotin-peroxidase complex (ABC-Px) technique with diaminobenzidine was used to visualize the reaction product (Nakane et al. 1966; Sternberger 1979; Savage 1986) .
For ultrastructural study the tissue was fixed for 3 hours with 3% glutaraldehyde in 0.2 mol L −1 phosphate buffer at pH 7.3 and postfixed for 1 hour in 1% OsO4 in Millonig buffer. The specimens were then washed 24 hours in 0.1 mol L −1 phosphate buffer, dehydrated with a series of ethyl alcohol and embedded in Durcupan ACM (Fluka). After polymerisation the embedded tissue was cut in semithin sections (0.7-1 µm) and stained with 1% toluidine blue dissolved in 1% borax (Mráz & Polónyi 1998) . Ultrathin sections (600-900 nm) were cut with the LKB or Reichert ultramicrotome and subsequently contrasted with uranyl acetate and lead citrate.
For the study at the light-microscopic level Leica DM 5000B and fluorescence microscope Nikon Eclipse 80i were used. For the study at the electron-microscopic level transmission electronmicroscope Morgani 268 D was used. For the documentation Nikon DS-U2 camera was used.
Results

Histological study (light microscopy)
In comparison to the thymus tissue used for checking (thymuses of children with atrial septal defects) the medulla of the thymuses with ventricular defects or defects of the outflow part of the heart was sparser because of a smaller number of lymphocytes (Fig. 1B) . However, various types of epithelial cells can be wellobserved.
Some morphological differences can be observed in the medullary ECs. They differed particularly in their individual size and their shape. Medullary ECs were markedly big (Figs 1A, C, D), big pale euchromatic nuclei with one or two dense nucleoli dominated. The superficial medullary region differed from the deep medullary region particularly in the number of nucleoli. Two nucleoli were typical for the ECs of a deep medullary layer.
The cytoplasm of all ECs was pale and eosinophilic, cytoplasmic processes interconnected and built the reticulum. The pale cytoplasm of some ECs had small dense secretory granules.
The medulla contained a higher number of Hassall's corpuscles (in comparison to the control tissue) differing in their size and the content. a) Small HCs (about 30 µm) consisted mostly of epithelial cells, which contained normal or swollen nuclei with the dominance of euchromatin. In some cases we observed only one big hydropic EC nucleus with a pale cytoplasm that was the initial stage of the formation of small HCs.
b) The medium size of HCs (about 50-70 µm) except ECs, situated mostly on the periphery of the corpuscle included miscellaneous material, e.g., pycnotic lymphocyte nuclei (Fig. 1A) . c) Big HCs, so-called "cystic", had a conspicuous size (Figs 1A, B, E, F). Their size range was between 100 and 250 µm. The superficial layer of HCs consisted of flattened epithelial cells with markedly big nuclei with the dominance of euchromatin and their cytoplas- mic processes. The processes were interconnected and built "the envelope" of HCs. The content of big HCs was miscellaneous: changed cells or their remains with eosinophilic cytoplasm and fragments of pycnotic nuclei, hyalinized lamellar structures and structures resembling damaged blood vessels and areas of unstructured substance, as well.
On the periphery of some medium and cystic HCs we often found interconnections with other HCs (Fig. 1C) . In the connecting parts of two HCs often the hydropic pale nuclei of ECs in pale eosinophilic cytoplasm were placed.
Some HCs were partly open to the close environment structures (Fig. 1D) . It seems as adjacent structures (lymphocytes and ECs) enter these open HCs. Sometimes the nuclei of more lymphocytes were placed here next to each other very tightly building the rows.
In the vicinity of some HCs we observed small blood vessels surrounded by linearly organized lymphocytes. Sometimes (mostly in ventricular septal defects) their nuclei had an elongated shape. In three thymic samples (ventricular septal defect) big eosinophilic granular cells were localized near the HCs or medullary blood vessels, as well.
The presence of reticulin fibers was observed especially around the blood vessels but a fine lineation was observed also in some cystic HCs.
Histochemical study
Positive results of PAS reaction were found in medium size Hassall's corpuscles, mainly on their periphery and in the whole big cystic HCs. The reaction product of the alkaline phosphatase can be found in individual segments of vessels mainly on the corticomedullary junction, but also in Hassall's corpuscles and in their close proximity. 5'-nucleotidase was found in the walls of smaller blood vessels (in comparison to alkaline phosphatase) and in some of the HCs. Some of these HCs showed positive results on the periphery, others in the central part of the corpuscle. The reaction product of the acid phosphatase was present in the HCs and in the surrounding medullary area forming irregular clusters. The ATP-asewas present in some of HCs, at the corticomedullary junction, but also in the rest of the medullary area, where it built the reticulum. Koss method confirms the presence of calcium ions in some HCs.
Immunohistochemical study
To prove the presence of human epidermal keratins we used antibodies against cytokeratine AE1/3. Highly positive reaction results were found in the medullary structures, most of all in HCs and surrounding soft structures creating a picture of irregular network (Fig. 1E) . To prove the presence of cellular intermediary filaments in the cytoplasm the cells of epithelial origin we used the monoclonal antibody against vimentin. Positive results can be observed mostly in medullary structures, especially in HCs. Because of the fact that vimentin does correspond with cytokeratine AE1/3, their resulting activity was very similar.
Electron-microscopic study
Semithin sections
The study of semithin slices of the medulla showed visible differences between the nuclei of epithelial cells and lymphocytes. Hassall's corpuscles of different size (often were big cystic) had a markedly concentric structure and different content. Mainly on the periphery of the HCs the big pale euchromatic nuclei of ECs dominated, often with two nucleoli.
On the basis of the study of semithin sections we purposefully chose the tissue for the ultrastructural observation. The ultrathin sections were made in such a way that they would contain mainly the parts with presupposed presence of the HCs.
We observed following types of epithelial cells: 1. ECs with an elongated, often slightly ragged nucleus with the dominance of euchromatin, but with a higher frequency of heterochromatic clusters. They contained 1 nucleolus, a slightly darker cytoplasm without the presence of a widened vacuolar system of the smooth endoplasmic reticulum. Some of them had dense secretory granules of the same size.
2. ECs with an oval or round big pale euchromatic nucleus often with 2 nucleoli, the cytoplasm contained many vacuoles, dilated cisterns of the endoplasmic reticulum (Fig. 1G) . These cells had long processes, in their connecting points there were desmosomes. Between the ECs of various types the presence of pale small parts of the EC processes was typical, with many vacuoles and tonofilaments. They were located in the intercellular space.
Hassall's corpuscles. The peripheral part of the HCs was (according to the size of HC) mostly built of epithelial cells with a pale cytoplasm, big pale nuclei and two visible nucleoli. The central part of HCs was often composed of the rest of EC cytoplasm with a widened vacuolar system, dilated cisterns of the endoplasmic reticulum, variable material as a result of a degenerative change of different structures, sometimes with the evidence of hyalinisation, cystic trans-formation or calcification. In two cases the electronmicroscopic study of HCs revealed the presence of centrally situated variable structures resembling a degenerated blood vessel endothelium. On the internal side of these structures many fine saccules were present.
We summarized the ultrastructural description of HCs into the following four types:
1. Small HCs consisting e.g. of one hydropic EC nucleus with a ragged nuclear membrane and a marked nucleolus. The nucleus of EC was bordered by elongated structures with marks of degeneration, probably the tonofilaments of dying epithelial cells.
2. Medium size HCs consisting of more than one pale hydropic nucleus of the ECs, more often without a nucleolus, surrounded by variable cell remains and miscellaneous cellular debris changing into hyaline material (Fig. 1H) .
3. Biggest, so-called cystic HCs, are sometimes calcificated and partly "ejected", so the empty space remained there.
4. Special HCs that contained structures resembling a changed blood vessel endothelium. The internal cover often had a fine vesicular character.
Discussion
On the basis of the electron-microscopic study, Wijngaert et al. (1984) described three types of medullary epithelial cells (type IV-VI) with loose T-lymphoctes between them.
1. Type IV stands in a close contact with type III of the cortical epithelial cells and cooperates in the creation of the corticomedullary junction. These cells have dark nuclei and the cytoplasm contains densely organised tonofilaments.
2. Type V forms a reticular structure, so called medullar cytoreticulum, similar to the type II of ECs of the thymic cortex. The nuclei of these cells are polymorphous, euchromatic, with well observable perinuclear chromatin and a visible nucleolus. In the cytoplasm there is a small number of cell organelles and a high number of polyribosomes.
3. Type VI carries some very characteristic features. The cells are big and pale in colour. Most of them form small groups and produce thymulin, while others, isolated, contain lot of vesicules and intracellular cysts (Kendal & Clark 2000) . They also participate in the creation of Hassall's corpuscles. describe four subtypes of medullary epithelial cells present in the thymus. According to the authors they are undifferentiated, flattened, villous and cystic cells. All these types are interconnected by desmosomes.
Our observations corresponded with those made by Wijngaert et al. (1984) . In addition, we observed the important presence of vacuoles in the cytoplasm of the cells and also in their processes.
Many authors dealt with the structure of Hassall's corpuscles as a specific element in the thymus medulla -mainly Hassall (1849), Palestro et al. (1998 ), Bloom & Fawcet (1986 , Bodey et al. (1994 Bodey et al. ( , 2000a , Gaudecker & Schmale (1974) . Palestro et al. (1998) described, corresponding with our study, a big central space in some of HCs, where the lymphocytes are located, together with PAS-positive, swollen cells with big hydropic nuclei. They are organized into structures resembling the blood capillaries. The peripheral area of HCs is bordered by the concentrically organised epithelial cells. Bodey et al. (2000a) claim that the centrum of HCs during the late stage of its development is filled by a partly necrotic cellular debris, fragmented cellular elements, where -different as in the peripheral areas of big HCs -the metabolic processes are stopped. Blau (1965) proves the presence of the hyalinizated material in bigger HCs, as well. However, Blau claims that during the experiment, this type of Hassall's corpuscles can be found only among irradiated animals and animals that were given corticoids.
Especially the "cystic HCs" were marked by their size and also content. Kostowiecki (1963) and Löning et al. (1981) mention the cystic HCs, as well. They claim that in the cystic area of the HCs, amorphous material containing inflammatory cells and remains of nuclei can be found. The presence of a compact or cystic material in HCs is also described by Hammar (1936) and D'anna et al. (1981) . They claim that the material quality in HCs depends on the stage of development and on the functional stage of the thymus. Ors et al. (1999) described various kinds of cystic structures in the medulla of human thymus, as well. According to their opinion, they can represent various stages of the maturing process of "classical" HCs. Bodey et al. (2000b) also describe hypertrophied nuclei of ECs, which are concentrically organised within the HCs. In these cells, the authors observed a positive enzyme reaction. According to them it is a proof of a late stage of their biological, metabolic and humoral activity. This was also confirmed by our observations, because the structure of the pale nuclei with marked nucleoli resembled more an active cell than a dying one.
On the periphery of big cystic HCs (more rarely in small corpuscles) we often find connections with other HCs that resemble a "fusion" of two or more HCs. Palestro et al. (1998) confirm this information by the statement that some HCs are interconnected by ramified structures of corpuscles connecting with each other.
One of the most interesting results of our study was the size of the biggest HCs. Their size range was between 100 and 250 µm. Bloom & Fawcett (1986) state that the average size of thymic corpuscles is between 30 and 100 µm.
Among some HCs we observed the succession of the peripheral part of the corpuscle partly open to the structures surrounding it that resembled a "phagocytosis" of the corpuscle towards its surrounding structures. Sometimes, chainlets of lymphocytes can be found here. Chentoufi et al. (2004) also write about the presence of apoptic T-lymphocytes. According to their opinion, the negative selection of thymocytes predominantly runs in the medulla of thymus and the cells of HCs anticipate in the apoptosis of the thymocytes. Ors et al. (1999) state that the presence of a lympho-reticulo-epithelial content in some of the HCs and its gradual transformation into the cellular debris can indicate that dying of thymocytes has a unique mechanism.
Near some of HCs (however, not so close) we observed the ends of small blood vessels surrounded by linearly organised lymphocytes. They build rows that we call "streams of lymphocytes". Sometimes, these lymphocytes "lenghten" their nuclei, which become staminate and create an image of lymphocytes streaming into these arteries. Sometimes, close to them there were big eosinophilic granular cells, as well.
Using the monoclonal anti-keratin antibody AE1/3 we observed a strong positive reaction not only in the corpuscle itself, but also in its close environment that built a reticular structure. Our observation results correspond with the results of Bodey & Kaiser (1997) . We used the monoclonal anti-cytokeratin antibody AE1/3 mainly as a proof for the epithelial origin of ECs. A positive reaction in HCs and also in the reticular structure surrounding it supports the theory that the cells of epithelial origin play a big role in the creation of HCs. Lobach et al. (1985) used four monoclonal antibodies (TE8, TE15, TE16 and TE19) to demonstrate the immunoreaction of Hassall's corpuscles in the human thymus. On the basis of the results the authors defined Hassall's corpuscles as antigenically different places of the secretory cellular microenvironment of thymus.
The ultrastructural study of HCs revealed us another interesting fact. In HCs, we sometimes observed structures similar to blood vessels or changed vascular endothelial cells with the signs of cytosis. The positivity of the alkaline phosphatase and 5'-nucleotidase also confirmed the fact that the vascular endothelium is present in large measure not only in the corticomedullary junction, but also in some of HCs. Palestro et al. (1998) and Klika et al. (1985) likewise claim that in the center of HCs there is a blood capillary.
Here, two questions arise: Do the blood vessels belong to the primary structures of some developing HCs? Do the lymphocytes enter the Hassall's corpuscle to be degraded here?
Conclusions
The structure of thymic medulla in children with a ventricular septal defect or a defect of the outflow part of the heart differed from the structure of the thymic medulla in children of the same age suffering from the atrial septal defect in following features:
Medullary epithelial cells: were better observable because of a smaller content of lymphocytes in the medulla.
Hassall's corpuscles: were greater in number; were bigger (sometimes more than the double size -about 250 µm); sometimes were open in some parts ("phagocytosis" of the corpuscle) or were; interconnected by widened structures ("fusion of HCs"); contained numerous lymphocytes in their content; big HCs in the peripheral area contained epithelial cells without an indication of degeneration; often the cystic character of HCs (mainly accompanying the ventricular septal defect); two of big HCs were composed of the structures similar in appearance to the endothelium of blood vessels.
The conclusions of our morphological studies are supported by other immunological works dealing with the thymuses of children with congenital heart defects. These prove the fact that the cardiosurgical treatment, during which a total thymectomy was carried out, caused a temporary decline of the T-cell production, as well as a long-term decrease of the lymphocyte volume. From our study a connection between the changed structure of thymus and the origination of some congenital heart defects (with the ventricular septal defect and defect of the outflow part) is apparent. It is presumed that these diagnoses developed together with pathological differentiation or migration of neural crest cells.
We share our view with Lobach et al. (1985) that the Hassall's corpuscles may play a far greater role in the physiological activities of prenatal, but also of mature thymus than it has been presupposed. From the point of view of their function, Ross & Pawlina (2006) see the Hassall's corpuscles as functionally active multicellular components of the thymic medulla.
